Abstract Aging compromises restoration of the cardiac mechanical function during reperfusion. We hypothesized that this was due to an ampler release of mitochondrial reactive oxygen species (ROS). This study aimed at characterising ex vivo the mitochondrial ROS release during reperfusion in isolated perfused hearts of middle-aged rats. Causes and consequences on myocardial function of the observed changes were then evaluated. The hearts of rats aged 10-or 52-week old were subjected to global ischemia followed by reperfusion. Mechanical function was monitored throughout the entire procedure. Activities of the respiratory chain complexes and the ratio of aconitase to fumarase activities were determined before ischemia and at the end of reperfusion. H 2 O 2 release was also evaluated in isolated mitochondria. During ischemia, middle-aged hearts displayed a delayed contracture, suggesting a maintained ATP production but also an increased metabolic proton production. Restoration of the mechanical function during reperfusion was however reduced in the middle-aged hearts, due to lower recovery of the coronary flow associated with higher mitochondrial oxidative stress indicated by the aconitase to fumarase ratio in the cardiac tissues. Surprisingly, activity of the respiratory chain complex II was better maintained in the hearts of middle-aged animals, probably because of an enhanced preservation of its membrane lipid environment. This can explain the higher mitochondrial oxidative stress observed in these conditions, since cardiac mitochondria produce much more H 2 O 2 when they oxidize FADH 2 -linked substrates than when they use NADH-linked substrates. In conclusion, the lower restoration of the cardiac mechanical activity during reperfusion in the middle-aged hearts was due to an impaired recovery of the coronary flow and an insufficient oxygen supply. The deterioration AGE (2011) of the coronary perfusion was explained by an increased mitochondrial ROS release related to the preservation of complex II activity during reperfusion.
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Introduction
Amongst subjects admitted in care units for an acute myocardial infarction, in-hospital and long-term mortalities are significantly higher in patients over 65 years old when invasive strategies are not endeavored (Polewczyk et al. 2008) . This is probably related to the observed increased incidence of diabetes, hypertension, and heart failure in this population and to the associated activation of the adrenergic drive (Hu et al. 2008) . From data presented in the literature, the aged heart has a diminished functional and adaptive reserve capacity, an increased susceptibility to incur damage and a limited practical ability for repair/regeneration (Juhaszova et al. 2005) . The reduced tolerance to ischemic insult with aging is also noticed in the laboratory animal with a reduced recovery of the coronary flow and contractility during reperfusion occurring in mice (Azhar et al. 1999; Willems et al. 2003; Willems et al. 2005 ) and rats (Leichtweis et al. 2001; Xia et al. 2003) as soon as they reach middle age.
Oxidative stress seems to play a central role in the age-associated vulnerability to ischemia/reperfusion. Indeed, administration of superoxide dismutase and catalase during the pathology affords protection to the senescent heart by preventing vasoconstriction and protein oxidation (Besse et al. 2006) . Although some authors emphasize the involvement of the vascular NADPH oxidase in this pathology (Oudot et al. 2006) , others point out the prominent responsibility of the mitochondrial reactive oxygen species (ROS) (Lesfnefsky and Hoppel 2003) through the wellknown ROS-induced release process (Zorov et al. 2006) . Due to cardiolipin oxidation by ROS attack, interfibrillar mitochondria of the senescent heart display lower oxidative capacities and increased ROS release (Fannin et al. 1999; Lesnefsky et al. 2001a; Hoppel et al. 2002) . Ischemia further amplifies these abnormalities (Lesnefsky et al. 2001b; Lesnefsky and Hoppel 2008; Lesnefsky et al. 2009 ), but only in the aged myocardium.
The augmented vulnerability to calcium of senescent cardiomyocytes (Tsukube et al. 1996; Hansford et al. 1999; Lakatta et al. 2001; Jahangir et al. 2001 ) might be responsible for the amplified oxidative stress during ischemia/reperfusion. Indeed, rising levels of matrix calcium favors mitochondrial ROS release (Martin et al. 2007 ) through a mechanism that can imply succinate accumulation (Sentex et al. 1999) . Succinate-ubiquinone reductase (complex II) reoxidizes succinate, which can support important ROS production at the level of complex I via reverse electron flux (Capel et al. 2005; Lacraz et al. 2008 ). This mechanism is probably responsible for the huge ROS production that transitorily occurs at early reperfusion in the adult heart (Demaison et al. 2001) , which is most likely amplified in the aging heart. Indeed, in ischemia/reperfusion, old hearts have more oxidized proteins than young hearts (Nagy et al. 1996) .
Ischemia/reperfusion-induced oxidative stress has a noticeable influence on NADH-ubiquinone reductase (complex I) activity, since it transitorily diminishes it (Paradies et al. 2004) . Complex II activity is also robustly reduced by reperfusion-induced oxidative stress (Pasdois et al. 2006; Chen et al. 2008 ) via deglutathionylation of its 70-kDa flavin protein and tyrosine nitration by peroxynitrite (Chen et al. 2007 (Chen et al. , 2008 . The significance of the decrease in activities of the complexes I and II at resumption of the coronary flow is not known, but these complexes could be used as fuses to prevent perpetuation of the huge ROS release occurring during this period. Nevertheless, the early and important ROS release at the beginning of reperfusion could be responsible for the oxidative modifications of numerous proteins and the alterations of their functioning. It could explain several abnormalities of the senescent reperfused heart including impaired oxidative capacities and cardiac metabolic efficiency through changes in respiratory complex activities, but also the low restoration of the coronary flow via reduction of the NO bioavailability and/or endothelin-1 over-activity through oxidation of its receptors (Amrani et al. 1996; Goodwin et al. 1999; Besse et al. 2001; Nakamura et al. 2003) .
This study was aimed at determining whether the impaired contractile recovery observed in the postischemic aged heart is related to an augmented mitochondrial ROS release at resumption of the coronary flow and at evaluating the causes and consequences of this phenomenon. The hearts of young adults (10 weeks) and middle-aged (52 weeks) animals were thus perfused and subjected to ischemia followed by reperfusion. To estimate the ex vivo mitochondrial ROS release during reperfusion, we evaluated the aconitase to fumarase ratios before ischemia and at the end of the reperfusion and we contrasted these values to the rate of H 2 O 2 released by mitochondria isolated from the pre-ischemic myocardium. The causes and consequences of the observed changes were determined by measuring the activities of several respiratory complexes known to be reduced through ischemia/reperfusion-induced oxidative stress and by examining scrupulously several parameters of cardiac functioning including mechanical activity, oxidative capacities, metabolic efficiency, and coronary perfusion.
Materials and methods

Animals and treatments
The experiments followed the European recommendation guidelines for the use of laboratory animals and were approved by the local ethics review board (authorization number, 380537). Thirty-six male Wistar rats from an inbred colony were housed in individual cages in an animal facility with controlled temperature, dark/light cycle, and hygrometry. They were fed standard commercial pellets (A04, Safe, Gannat, France) ad libitum with free access to water. Animals were randomly divided into two groups according to their age. The young adult group was composed by 10-week-old rats while the middle-aged group by 52-week-old rats.
Isolated heart perfusion
The animals were anesthetized with sodium pentobarbital (50 mg/kg) and heparinized (1,000 I.U./kg) through the saphenous vein. After rapid excision of the heart, the aorta was cannulated in Langendorff mode of non-recirculating coronary perfusion at constant pressure (60 mmHg) at 37°C. Modified Krebs-Henseleit perfusion buffer contained (in mM): NaCl (119), MgSO 4 (1.2), NaHCO 3 (25), KCl (4.8), CaCl 2 (2.5), and glucose (11) as sole energy source and was equilibrated with 95% O 2 -5% CO 2 . A latex balloon linked to a pressure probe was inserted into the left ventricle cavity to determine diastolic and systolic pressures. Baseline diastolic pressure was set at approximately 10 mmHg. The coronary flow was estimated by weight determination of 30-s collected samples of effluent. The pulmonary artery was cannulated for a direct coronary sinus sampling of the coronary effluent. Arterial and venous oxygen contents were measured by anaerobic collection of effluent in hermetically closed capillary tubing. The samples were then kept in ice until determination of oxygen concentration with a blood gas analyser (Radiometer™ABL 700, Brønshøj, Danemark). Developed pressure was calculated as the difference between the systolic and diastolic pressures. The rate×pressure product (RPP) was the product between the heart rate and developed pressure. Oxygen consumption was calculated as the product of the arterio-venous oxygen content difference and the coronary flow. Since the blood gas analyser gave results of the oxygen concentration in kPa, the arteriovenous oxygen content difference was calculated assuming that 1 kPa=10 nmoles of oxygen×ml −1 (Gnaiger 2001) . Cardiac metabolic efficiency was estimated as the total RPP (expressed in mHg/min) to total oxygen consumption ratio (expressed in μmoles/ min) of each heart and was expressed in mHg/μmole.
Ischemia-reperfusion protocol and sampling
In a first set of experiments, isolated hearts issued from ten young adult and ten middle-aged rats were perfused for 30 min to establish stabilized baseline performances before inducing total global normothermic ischemia for 25 min and reperfusion for 45 min. During ischemia, rigorous conditions of temperature verification were applied by bathing the heart in Krebs-Heinseleit buffer maintained at 37°C. At the end of the reperfusion period, the hearts were freeze-clamped in liquid nitrogen and stored at −80°C until determination of cardiac dry weight, aconitase to fumarase ratio, and respiratory chain complex activities.
In a second set of experiments, hearts from young adult and middle-aged rats (eight per group) were perfused in baseline conditions for 30 min. At the end of the perfusion protocol, a piece of myocardium (about 200 mg) from the apex of the heart was immediately freeze-clamped and stored at −80°C in order to measure respiratory chain complex activities and aconitase to fumarase ratio. The other part of the myocardium was immediately used for isolated mitochondria preparation.
Mitochondria preparation
After the perfusion, atria and the remaining aorta were cut off from the heart. Myocardium was minced with scissors in a cold isolation buffer composed of (in mM) sucrose (150), KCl (75), Tris-HCl (50), KH 2 PO 4 (1), MgCl 2 (5), and EGTA (1), pH 7.4, fatty acid-free serum albumin 0.2%. The pieces of myocardium were rinsed several times on a filter and put in an Elvehjem potter containing 15 ml of isolation buffer. A protease (subtilisin 0.02%) was added for 1 min to digest myofibrils at ice temperature, and the totality was then homogenized with the potter (300 rpm, 3 to 4 transitions). Subtilisin action was stopped by addition of the isolation buffer (30 ml). The homogenate was then centrifuged (800 g, 10 min, 4°C), and the resulting supernatant was collected and filtered. Mitochondria were then washed through two series of centrifugation (8,000×g, 10 min, 4°C). The last pellet of mitochondria was re-suspended in sucrose 250 mM, Tris-HCl 10 mM, EGTA 1 mM, pH 7.4 at a concentration of approximately 20 mg/ml.
Respiration measurements
The rate of mitochondrial oxygen consumption was measured at 30°C in an incubation chamber with a Clarke-type O 2 electrode filled with 1 ml of incubation medium (KCl 125 mM, Tris-HCl 20 mM, KH 2 PO 4 10 mM, EGTA 1 mM, pH 7.2, fatty acid-free bovine serum albumin 0.15%). All measurements were performed using mitochondria (0.25 mg mitochondrial protein/ml) incubated either with glutamate (5 mM)/ malate (2.5 mM) or/and succinate (5 mM) as substrates, in the presence (state 3) and in the absence (state 4) of ADP 100 mM. The incubation medium was constantly stirred with a built-in electromagnetic stirrer and bar flea. Coupling of the mitochondrial oxidative phosphorylation was assessed by the state 3/state 4 ratio which measures the degree of control imposed on oxidation by phosphorylation (respiratory control ratio (RCR)).
Mitochondrial reactive oxygen species release
The rate of mitochondrial H 2 O 2 production was measured at 30°C which followed linear increase in fluorescence (excitation at 560 nm and emission at 584 nm) due to enzymatic oxidation of amplex red by H 2 O 2 in presence of horseradish peroxidase, modified to kinetically follow the rate of production of H 2 O 2 by isolated mitochondria on a SFM25 computercontrolled Kontron fluorometer. Reaction conditions were 0.25 mg of mitochondrial protein/ml, 5 U/ml of horseradish peroxidase, 1 μM of amplex red, with glutamate/malate or/and succinate (in the same concentrations as in respiration measurements). They were added in order to start the reaction in the same incubation buffer with that used for measurements of mitochondrial oxygen consumption. Mitochondrial ROS was measured in the absence of ADP (state 2 respiration rate). Rotenone (1 μM) and antimycin A (0.5 μM) were sequentially added to determine, respectively, the maximum rate of H 2 O 2 production of complexes I and I+III of the respiratory chain.
Measurement of respiratory chain complex activities
Activities of the NADH-ubiquinone oxydo-reductase (complex I), succinate-ubiquinone oxydo-reductase (complex II), ubiquinol cytochrome c reductase (complex III), cytochrome c oxidase (complex IV), NADH cytochrome c reductase (activity of complex I+III) and succinate cytochrome c reductase (activity of complex II+III) were determined as commonly performed in this laboratory. Heart samples (100 mg) were homogenized at 4°C with 0.9 ml of a potassium phosphate buffer 100 mM, pH 7.4. The homogenates were centrifuged (1,500×g, 5 min, 4°C), and the resulting supernatants were stored at −80°C until determination of the various enzymatic activities.
Complex I activity was determined spectrophotometrically by measuring the disappearance of NADH at 340 nm in the presence of decylubiquinone (Kramer et al. 2005 ). The reaction medium was a potassium phosphate buffer 47.5 mM, pH 7.4 containing bovine serum-albumin (3.75 mg/ml), NADH (0.1 mM) and decylubiquinone (0.1 mM). The reaction was initiated by adding the 200-times diluted sample and the change in absorbance at 37°C was measured for 2 min with and without rotenone (10 μM) in order to evaluate the specific and nonspecific activities.
Complex II activity was also evaluated spectrophotometrically in the presence of succinate by measuring the reduction of dichloro-inophenol (DCIP) (Miro et al. 1999) . In this reaction, succinate oxidation by complex II reduces decylubiquinone which spontaneously transfers its electrons to DCIP. The 200-times diluted sample with the reaction medium (potassium phosphate buffer 45.4 mM, pH 7.4, bovine serum-albumin 2.5 mg/ml, antimycin A 9.3 μM, rotenone 5 μM, DCIP 100 μM and succinate 30 mM) were stirred at 37°C for 10 min, and the reaction was initiated by addition of decylubiquinone (50 μM). The change in absorbance was then measured at 600 nM for 5 min.
Complex III activity was determined by measuring the reduction of cytochrome c when decylubiquinol was used as substrate and complexes I and IV were blocked by specific inhibitors (Krähenbühl et al. 1994) . The change in absorbance at 550 nm was first evaluated at 30°C for 1 min in the presence of potassium phosphate buffer 90.7 mM, pH 7.4, EDTA 50 μM, bovine serum-albumin (1 mg/ml), KCN 1 mM, oxidized cytochrome c (100 μM), decylubiquinol 0.11 mM and the 200 times diluted sample in order to evaluate total activity. The non-specific activity was then measured with antimycin A (5 μg/ ml) for 2 min and complex III activity was then calculated by subtraction.
Complex IV assay was performed by determining the oxidation of reduced cytochrome c in a medium containing potassium phosphate buffer 50 mM, pH 7.4 and cytochrome c 1 mM reduced at 90% with sodium dithionite (Veitch and Hue 1994) . The reaction was initiated by addition of the 200-times diluted sample and it was followed at 37°C and 550 nm for 2 min. The non-specific activity was then measured by addition of KCN 1 mM.
Complexes I+III and II+III activities were evaluated by using NADH (0.25 mM) and succinate (25 mM) as substrates and measuring the reduction of cytochrome c at 550 nm (Veitch and Hue 1994) . The reaction was initiated in a medium containing potassium phosphate buffer 90 mM, pH 7.4, EDTA 0.5 mM, sodium azide 2 mM and oxidized cytochrome c 50 μM by addition of the 200-times diluted sample and it was maintained at 30°C for 5 min. In the case of the complex II+III activity determination, rotenone (1 μM) was added to avoid reverse electron flux through complex I. The non-specific activities was evaluated by using specific inhibitors of complexes I and II (rotenone 1 μM and thenoytrifluoroacetone 10 pM, respectively).
Other enzymatic assays Activity of the citrate synthase was determined according to Faloona and Srere (1969) . Aconitase and fumarase activities were determined according to Gardner et al. (1994) , with the modification that the extraction medium was supplemented with tri-sodium citrate to stabilize aconitase activity ex vivo. In order to evaluate myocardial mitochondrial density, activity of the citrate synthase was divided by the protein amount of the homogenate. The activities of respiratory chain complexes were expressed in units per mg of proteins. Proteins were measured using the bicinchoninic acid method with a commercially available kit (Thermo Scientific, Rockford, IL).
Statistical analysis
The results are presented as mean±SEM. General data on animal morphology and baseline normoxic cardiac function were contrasted across the animal age by 1-way analysis of variance (ANOVA). Enzymatic measurements were analysed through a twoway ANOVA depicting the effects of aging, ischemia/ reperfusion, and the cross-interaction between these two factors. Measurements made during ischemiareperfusion (diastolic pressure, developed pressure, heart rate, RPP, oxygen consumption, metabolic efficiency) were treated with repeated-measures ANOVA to test the effect of animal age (external factor), perfusion time (internal factor), and their interaction. When required, group means were contrasted with a Fisher's LSD test. A probability (p) less than 0.05 was considered significant. Statistical analyses were performed using the NCSS 2007 software.
Results
General data
Animal size was estimated by measuring the length from insertion of the collarbones on the sternum to the outer sexual organ (Table 1) . Middle-aged rats displayed a higher value (+10%) than that of their young adult counterparts. Interestingly, the relative thorax length was increased (+23%) in the older animals, due to a rise in thorax length (+32%) without any change in abdomen length. Animal and heart weights were augmented by aging (+37 and +28%, respectively), but the ratio between heart and body weight was unaffected.
Basal cardiac functioning
Under pre-ischemic conditions, the systolic pressure, left ventricle developed pressure, heart rate, and rate× pressure product were high and not affected by the animal age (Table 2 ). Since we aimed at evaluating the global heart functioning, but not the myocardial efficiency to produce its mechanical activity, these parameters were not divided by the cardiac dry weight. Coronary flow and oxygen consumption were similar in young adult and middle-aged rats. However, the cardiac metabolic efficiency was significantly decreased (−17%) by aging.
Cardiac functioning during ischemia
As soon as the coronary flow was stopped, the left ventricle developed pressure and rate×pressure product became null. The heart rate stopped soon after cessation of contraction and the diastolic pressure began to increase from the 5thmin of ischemia (Fig. 1) , indicating the occurrence of a progressive contracture. The rise in diastolic pressure was less important in the middle-aged group from the 12th to the 19thmin of ischemia in comparison with the young group (−30, −43, −44, −42, −38, −31, −24 , and −10% at the 12th, 13th, 14th, 15th 16th, 17th, 18th, Heart dry weight (mg) 204±6 262±8 p<0.001
Relative heart weight (mg/kg) 634±19 612±5 NS Thorax length was measured from the insertion of the collarbones on the sternum to the apex of the sternum. Abdomen length was determined by measuring the distance from the apex of the sternum to the penis. Total length was the sum of the thorax and abdominal lengths. Relative heart weight was the ratio between heart dry weight and animal weight. The number of experiments was ten per group ANOVA analysis of variance, NS not significant The number of experiments was ten per group.
Syst P systolic pressure, Diast P diastolic pressure, LVDP left ventricle developed pressure, RPP rate×pressure product, Coro flow coronary flow, Ox cons oxygen consumption, Met. Eff. metabolic efficiency, ANOVA analysis of variance, NS not significant and 19thmin of ischemia, respectively). Thereafter, the diastolic pressure of the middle-aged animals equalized that of their young counterparts until the end of ischemia.
Cardiac mechanical function during reperfusion
As soon as resumption of the coronary flow, the diastolic pressure increased from approximately 54± 2 mmHg at the end of ischemia to 104±3 mmHg at the 5thmin of reperfusion (Fig. 2) . Thereafter, the diastolic pressure progressively decreased to a value close to 78±3 mmHg at the 45thmin of reperfusion. During the whole reperfusion, values of the diastolic pressure were not affected by aging. The systolic pressure at the 5thmin of reperfusion was slightly lower compared with the pre-ischemic value (−8 and −25% in the young adult and middle-aged rats, respectively), and less restored in the older animals (−10%) than in the youngest rats. This statement was true for the whole duration of reperfusion. The left ventricle developed pressure and rate×pressure product evolved similarly during reperfusion. They gradually recovered from a null value at the end of ischemia to positive values whose magnitude depended on the age of the animals. The restoration of these two parameters was indeed reduced in the middle-aged rats (−73 and −76% for the left ventricle developed pressure and rate×pressure product in comparison with the young animals at the 25thmin of reperfusion). However, although still significantly different, this huge difference tended to be lower at the 45thmin of reperfusion (−33% and −38% for the left ventricle developed pressure and rate×pressure product). Recovery of the heart rate was never significantly affected by the age of the animals.
Cardiac metabolic function during reperfusion
The coronary flow (Fig. 3) was similarly restored in the two age groups at the 5th of reperfusion (42±4 and 42±7% of the pre-ischemic value for the young and mature adults), but evolved differently thereafter. In the group of the young adult animals, the coronary flow continued to increase until the 45thmin of reperfusion to a value equal to 25±3 ml/min/g dry weight. Contrariwise, in the older animals, this parameter tended to decrease until the end of reperfusion to 18±2 ml/min/g dry weight. Consequently, the rate of the coronary flow was significantly lower in the older animals (−28%) compared with that of the younger ones. The oxygen consumption progressed similarly during reperfusion. Although it was similar in the two groups at the 5thmin of reperfusion, it was lower in the middle-aged rats (−28%) compared with their young counterparts at the 45thmin of reperfusion. The metabolic efficiency progressively recovered to achieve the pre-ischemic value at the 45thmin of reperfusion in the younger animals, whereas it remained constantly low in the older ones. At the end of reperfusion, the metabolic efficiency was reduced by 60% by aging.
Aconitase to fumarase ratio of myocardial biopsies
The aconitase to fumarase ratio (Fig. 4) inversely related to the mitochondrial oxidative stress was reduced by ischemia/reperfusion (−22%). Interestingly, the decrease was minimal in the heart of young adult animals (−8%) whereas it was significantly different in the myocardium of middle age rats (−34%, p<0.05).
Mitochondrial oxygen consumption and ROS release
Cardiac mitochondria were purified after a 30-min normoxic perfusion and their respiration properties were determined using several substrates (glutamate/ malate as NADH-linked substrate, succinate/rotenone 
Respiratory complex activities in myocardial biopsies
Citrate synthase activity (4.37±0.13 in the young adults vs. 3.87±0.28 mU/mg of proteins in the middle-aged hearts) was not modified by ischemia/ reperfusion and by aging. In pre-ischemic myocardium, aging did not modify activities of the different respiratory complexes (Table 4 ), except that of cytochrome c oxidase which was slightly increased (+29%). The effect of ischemia/reperfusion was different in the adult and middle-aged hearts. In the younger hearts, the pathological event reduced the succinate-ubiquinone oxido-reductase (−27%) and NADH cytochrome c reductase (−43%) activities without sparing the ratio between NADH cytochrome c reductase and succinate cytochrome c reductase (−50%). In the middle-aged hearts, ischemia/reperfusion did not trigger any decrease in these parameters. Ubiquinol cytochrome c reductase tended to be lower (−23%), but this reduction was not significant.
Discussion
In this study, we verified that the well-known increase in ischemia/reperfusion-induced functional abnormalities occurring with aging also arises in middle-aged animals and we tried to evaluate the possible biochemical mechanisms involved in these changes. Fifty-two-week-old Wistar rats, considered as middleaged animals with a life period approximating half of the longevity of this animal strain, were thus compared with 10-week-old animals, considered as young adults. Their hearts were collected, perfused according to the constant-pressure Langendorff mode and subjected to global zero-flow ischemia followed by reperfusion. Ischemic contracture was delayed in the middle-aged rats, suggesting better maintenance Fig. 3 Effects of aging on cardiac metabolism during post-ischemic reperfusion. a Coronary flow; b oxygen consumption; c metabolic efficiency. The number of experiments was ten per group. YA young adult rats, MA middle-aged rats, Age ef. effect of the age, Time ef. effect of the duration of reperfusion, C.I. crossinteraction; asterisk significantly different of ATP concentration in the older animals. In the literature, there is a study in apparent contradiction with this statement. Indeed, Headrick (1998) indicated that aging tended to increase ischemic-and hypoxiccontracture. Contrariwise, Ramani et al. (1996) showed a decelerated ischemic contracture. The two studies contrasted young or adult vs. aged animals. Our work supports the fact that middle age is associated with a delayed ischemic-related contracture. Rigor tension is explained by cellular ATP depletion due to arrest of the anaerobic glycolysis which results from proton-induced inhibition of the phosphofructokinase (PFK) reaction. This occurs in the diverse cells composing the myocardium at different times, depending on their localization (epivs. endocardium) and finally the intensity of their metabolism. The gap junction connexin 43 content has been tightly involved in the development of rigor tension, since it facilitates cell-to-cell communication and generalization of the behavior of a cell minority to the total cellular population of the heart. It is known to be decreased with aging, starting precisely at middle duration of the lifespan (Boengler et al. 2007 ). Since middle age reduces the gap junction connexin 43 content, excess proton accumulated in the most metabolically active cells should not be easily diffused in the less active cells, which should delay PFK inhibition in these last cells and allow the upholding of their metabolic activity. This decline in Fig. 4 Effects of aging and of ischemia/reperfusion on the aconitase to fumarase ratio. The measurements have been performed on the freeze-clamped hearts at the end of the stabilization and reperfusion periods. The number of experiments was eight and ten per group for the normoxic and reperfused hearts, respectively. YA young adult rats, MA ten middle-aged rats; asterisk significantly different Except the RCR which is the ratio between the state III and the state IV respiration rates, the results are expressed in ng atoms of oxygen/min/mg of proteins. The number of experiments was eight per group GM glutamate (5 mM)+malate (2.5 mM), S succinate (5 mM)+rotenone (2.5 μM), GMS glutamate (5 mM)+malate (2.5 mM)+ succinate (5 mM), substrate state II respiration rate, +ADP state III respiration rate, +oligomicine state IV respiration rate, +DNP state uncoupled by dinitrophenol, RCR respiratory complex ratio the cell-to-cell communication should delay the development of the ischemic contracture in the middle-aged myocardium (Ruiz-Meana et al. 2008 ), but it should also augment the pH decrease in those cells mostly resistant to proton-induced metabolic inhibition.
In spite of this apparent beneficial effect on the ischemic contracture, recovery of the mechanical activity (left ventricular developed pressure and rate×pressure product) during post-ischemic reperfusion was hampered in the middle-aged animals. This is in agreement with numerous studies showing that middle-aged and senescent hearts (Azhar et al. 1999; Leichtweis et al. 2001; Xia et al. 2003; Willems et al. 2003; Willems et al. 2005 ) augment reperfusioninduced contraction disorders. Delayed ischemic contracture with preservation of residual metabolic activity might be responsible for these intensified abnormalities. Ischemia triggers acidosis that is likely redoubled by continuation of the metabolic activity. Intracellular protons are extruded from the cells by the Na + /H + exchanger (NHE-1 in the heart) that favors firstly intracellular sodium accumulation and secondly cellular calcium entry through the Na + /Ca 2+ exchanger (Sniecinski and Liu 2004) when deprivation of ATP does not allow functioning of the Na + /K + -ATPase. Middle-aged and senescent hearts have been characterized by increased cellular sodium accumulation at the end of ischemia (Tani et al. 1997 and compared with young hearts. They are protected against reperfusion-induced cellular damage by either the NHE-1 inhibitor cariporide (Nakai et al. 2002; Besse et al. 2004; Simm et al. 2008) or the Na + /Ca 2+ exchanger (NCX) inhibitor KB-R7943 (Yamamura et al. 2001) . This stresses the importance of ischemiainduced proton production and NHE-1/NCX axis in genesis of the ischemia/reperfusion-induced functional disturbances of the aged heart.
The lower salvage of the cardiac mechanical activity during reperfusion in the older animals was associated with a reduced recovery of the oxygen consumption (−28%). This reflects a depressed oxidative metabolism leading to reduced energy production. The impairment of this low oxygen consumption-related energy production was further amplified by a powerless restoration of the metabolic efficiency that never exceeded 37±13% of the pre-ischemic value in the middle-aged group versus 80±19% in the young adult group. Reduced cardiac metabolic efficiency during reperfusion is due to several processes involving decreased mitochondrial energy production (mitochondrial calcium loading, bulge of ROS production, opening of the permeability transition pore and mitochondrial uncoupling) and augmented energy wasting (elimination of excess sodium and calcium via the Na + /K + -ATPase and Ca 2+ -ATPase). If and when these abnormalities disappear, the cardiac metabolic efficiency is restored. In the middle-aged hearts, restoration of this parameter during reperfusion was strongly delayed, which could be explained by a higher proton production, increased sodium, and calcium loadings and resulting abnormalities of energy production and utilization. Contraction was thus more depressed in the older animals compared with the younger ones and this accounted for the lower recovery of the rate×pressure product in the middle-aged rats. The decreased energy availability of the reperfused aged hearts might be explained by a distortion of the cellular functioning as well as by an abnormality of the coronary perfusion leading to insufficient oxygen supply. We observed lower recovery of the coronary flow of the middle-aged hearts compared with that of the young adults. This has been already mentioned by Willems et al. (2005) who showed that impaired salvage of the ventricular contractility in reperfused hearts of senescent animals correlates with recovery of the coronary flow. Furthermore, Besse et al. (2006) have shown that the post-ischemic coronary flow of the aged heart can be improved by treatment with superoxide dismutase and catalase, highlighting the prominent role of superoxide anions. This enhancement of the coronary perfusion was accompanied with a considerable improvement of the contractile function. This strongly suggests that insufficient coronary perfusion is ratelimiting during reperfusion of aged hearts with a major role of the abnormal vascular tone and the vascular cell dysfunction.
Insufficient coronary perfusion is thus probably related to the oxidative stress (Besse et al. 2006) . ROS production has been reported to be associated with reduced nitric oxide (NO) bioavailability through scavenging by superoxide anions (Wei et al. 2006) and/or endothelial NO synthase uncoupling (Crabtree et al. 2009 ). In the present study, we evaluated the instant mitochondrial ROS impregnation at two moments of the perfusion: just before ischemia and at the end of reperfusion. It was performed by measuring the aconitase to fumarase ratio in cardiac homogenates (Gardner et al. 1994) . Transition from normoxia to end of reperfusion triggered a significant decrease in the aconitase to fumarase ratio in the middle-aged hearts, whereas it did not alter this parameter in the hearts of young adult animals. This strongly suggests an increased oxidative stress in the oldest animals. This was reinforced by the measurement of hydrogen peroxide (H 2 O 2 ) release by mitochondria isolated from normoxic hearts. Indeed, this H 2 O 2 release was either unaltered or amplified by aging, depending on the conditions of substrate supply and of respiratory chain complex inhibition. The ampler reduction of the aconitase to fumarase ratio in the older hearts reflected thus necessarily a higher ex vivo mitochondrial ROS release. Such an aging-related increase in the mitochondrial ROS release can partly explain the lower recovery of the coronary flow during reperfusion. However, other phenomena also probably intervene. Indeed, aging has been associated with augmented expression of NADPH oxidase in the vascular wall (Oudot et al. 2006) . In any case, the low coronary perfusion reduced the oxygen supply and energy production, leading to delayed restoration of the mechanical function.
An argument issued from our results suggests the importance of the ROS release during reperfusion on the restoration of the coronary flow. Young adult myocardium, but not middle-aged hearts, had an ischemia/reperfusion-induced reduction of complex II activity. This decrease is known to be related to the oxidative stress (Chen et al. 2007) . Indeed, at the beginning of reperfusion, calcium invades the mitochondrial matrix (Miyata et al. 1992 ) and opens the permeability transition pore, leading to release of NADH from the mitochondrial matrix (Batandier et al. 2004 ). Furthermore, it activates the α-ketoglutarate dehydrogenase, which triggers succinate accumulation in the mitochondrial environment (Sentex et al. 1999) . Both phenomena favor oxidation of the FADH 2 -linked substrate succinate that is known to trigger ROS over generation. In the present study, we ascertained that succinate augments considerably H 2 O 2 release by isolated cardiac mitochondria in comparison with the NADH-linked substrate glutamate plus malate. As indicated by the inhibitory effect of rotenone, this occurs at complex I level by reverse electron flux. The high-ROS release occurring during the first 3 min of reperfusion (Demaison et al. 2001) oxidizes the complex II portion of the respiratory chain (Chen et al. 2007 ). ROS-induced inhibition of complex II at restoration of the coronary flow has a huge effect on subsequent mitochondrial ROS production, since it provokes its inhibition. Utilization of complex II inhibitors such as 3-nitro-N-methyl-salicylamide, malonate, or 3-nitropropionic acid indeed protects the myocardium against reperfusion-induced contractile dysfunction by reducing the burst of ROS occurring ordinarily at the beginning of reperfusion (Zhang et al. 2006; Turan et al. 2006; Wojtovich and Brookes 2008) . In our work, ischemia/reperfusioninduced inhibition of the complex II activity in young adults related to the burst of ROS occurring at early reperfusion tempered ROS release during the remaining duration of reperfusion as it was indicated by the unchanged aconitase to fumarase ratio before and after ischemia. This was associated with a better recovery of the coronary flow. On the contrary, complex II activity was maintained in the middleaged heart and this was associated with a decreased aconitase to fumarase ratio. As a consequence of the higher ROS production, recovery of the coronary flow during reperfusion was worsened.
Complex II activity might be modulated by its lipid environment and its preservation after ischemia/ reperfusion in middle-aged hearts suggests membrane protection against the huge oxidative stress occurring under these circumstances. In our study, such a protection was also observed for complex I+III whose activity was reduced by ischemia/reperfusion in the young adult hearts, but not in the middle-aged myocardium. This suggests that biochemical composition of the lipid environment surrounding the respiratory complexes was different in young adult and middle-aged hearts. According to Pepe et al. (1999) , aged hearts displays less n-3 polyunsaturated fatty acids (PUFAs) than young ones. This ascertainment has also been verified in skeletal muscle (Martin et al. 2007 ). Yet, n-3 PUFAs are extremely sensitive to the oxidative stress, more than n-6 PUFAs. The lower content of n-3 PUFAs for the benefit of n-6 PUFAs in the aged myocardium could protect activity of the complexes II and I+III against ROS deleterious effect during ischemia/reperfusion. Such a membrane lipid-related protection has been already observed in the middle-aged rat myocardium (Kakarla et al. 2005) in which the antioxidant defense (SOD, catalase, glutathione reductase) and the lipid peroxidation are reduced, although the oxidative stress evaluated by the drop of the reduced glutathione content is increased.
A reduction of the activity of the complex I+III in young adult hearts was observed whereas activities of the complexes I and III were not altered, suggesting the involvement of the quinone pool. Coenzyme Q treatment has been shown to be cardioprotective during ischemia/reperfusion (Maulik et al. 2000; Crestanello et al. 2002; Lakomkin et al. 2002; Timoshin et al. 2003; Verma et al. 2007; Sahach et al. 2007) . The protective effect is associated with a shift of the redox equilibrium between the semireduced forms of ubiquinone and flavine coenzymes to a higher output of ubisemiquinone (Timoshin et al. 2003) . This contributes to lower succinate-related ROS release (Lakomkin et al. 2002) , lipid peroxidation, and thiol oxidation (Maulik et al. 2000) during reperfusion. The mitochondrial function is hence preserved (Crestanello et al. 2002; Lakomkin et al. 2002) with a reduced capacity of opening the permeability transition pore (Sahach et al. 2007) . The coronary perfusion is also protected (Lakomkin et al. 2002) . Ischemia/reperfusion is thus accompanied with disturbances of the quinone metabolism that can be responsible for the associated perfusion and mechanical dysfunctions. In the aged rat heart, although complex I+III is not damaged in our study, cardioprotective effect of the CoQ is also observed (Timoshchuk et al. 2009 ) with better restorations of contractile dysfunction, coronary flow, and metabolic efficiency. This further confirms that ROS release is more important in the aged heart, although the membrane environment and respiratory complex activities are less damaged probably through reduction of the n-3 PUFAs to n-6 PUFAs ratio. Conversely, other important cellular targets of the oxidative stress such as proteins (thiol oxidation, tyrosine nitration, protein oxidation, ROS-induced uncoupling of eNOS, etc.) can be involved in the lower resistance of the aged myocardium to ischemia/reperfusion. As it was shown by Gao et al. (2000) , the aged myocardium seems to have a reduced capacity of nitric oxide production.
In conclusion, middle age augmented reperfusion mechanical dysfunction via a lower recovery of the coronary flow and insufficient oxygen supply. Due to preservation of the respiratory complex II activity, reperfusion-induced mitochondrial ROS release was enlarged, which explained the lower restoration of coronary perfusion probably through decreased NO bioavailability.
